INTRODUCTION
During cardiac c-looping, an important developmental phase in early heart development, the initially straight heart tube (HT) is transformed into a c-shaped tube. Two distinct processes, ventral bending and dextral rotation, constitute c-looping. Previous research suggests that ventral bending is likely driven by forces that are intrinsic to the heart while dextral rotation is driven by forces applied by a pair of omphalomesenteric veins that flank the heart tube and a membrane called the splanchnopleure that lies on top of the heart.
In a previous study, we've shown how Beloussov's hyperrestoration (HR) hypothesis can be used to regulate the rotational component of c-looping under both normal and perturbed conditions [4] . This paper is concerned with the bending component. It explores how the HR hypothesis can regulate the formation of the c-shaped tube.
A 3D finite element model is used to test the HR hypothesis. The model consists of a cylindrical tube comprised of two layers (Fig 1C, insert) : a thin outer layer of myocardium (MY) that encloses a thicker layer of cardiac jelly (CJ). The dorsal mesocardium (DM), a thin layer of mesoderm that lines the inner curvature of the pre-looped heart is also present in the model (Fig 1C) . Material properties (Fung-type exponential) are based on experimental data. All simulations are done in ABAQUS.
HYPERRESTORATION (HR) HYPOTHESIS
According to this hypothesis, "A cell or a piece of tissue after being shifted by an external force from its initial stress value, develops an active mechanical response, which is directed towards restoring this stress value, but as a rule overshoots it in the opposite direction." [1] The above sentiment can be expressed mathematically as [2] ( ) Recent studies indicate that the HR response as explained above is inadequate to regulate processes where the rate of change of stress is significantly smaller than that of morphogenetic shape change [2] . One such process is expansion of the cardiac jelly (CJ), the thick layer of extracellular matrix that lines the myocardium (MY). CJ expansion starts before the onset of c-looping and likely continues into s-looping, which follows c-looping. Although studies have shown that c-looping can complete without CJ swelling, it should be taken into account in the model to correctly predict local morphogenetic stresses and strains.
The extended HR hypothesis, as explained in [2] , is used to include CJ expansion in the model. Here, a positive value of b is used to model slower growth processes such as CJ expansion. As a first approximation, we divide the simulation into two steps. In the first step (CJ expansion), the jelly is allowed to swell isotropically while the myocardium is under HR regulation in growth mode with b>0. In the second step (bending), CJ expansion is held fixed at the levels at the end of step 1 and while the MY is under HR regulation in morphogenesis mode with b<0. Both steps use a>0.
Except for the sign change in b, which is required to switch HR regulation from growth to morphogenesis, the numerical values of a = 0.025 and b=2.5 are unchanged throughout the simulation. The same values are used throughout the MY. Initially, a small longitudinal contraction ( g λ =0.9 in DM) is applied to the DM. The bending produced purely by DM contraction is small but it disrupts the initial equilibrium state 
RESULTS AND DISCUSSION
In a previous study, we specified the values of g λ directly in a model for the early stages of c-looping [3] . The focus here is on auto-regulation of g λ as per the extended HR hypothesis.
Fig . 1A shows the interplay between the actual and target longitudinal stresses at the outer curvature (OC) of the HT. In the first (CJ expansion) step, the jelly is allowed to swell for 0<t<1.9 hrs. In the remainder of step 1, the stresses equilibrate and the actual stress matches the target stress at about t = 4.9 hrs. At this point, the sign of b is flipped and HR regulation changes from growth to morphogenesis. This results in the anticipated target stress overshoot. As the actual stress gets progressively greater than the target stress, g λ , the longitudinal growth stretch ratio, increases and the outer curvature of the HT grows longer (Fig 1B, solid line) .
The situation is reversed in the inner curvature (IC) with the actual stress getting progressively smaller compared to the target stress after equilibration (results not shown), resulting in a decrease in g λ (Fig 1B, dashed line) . This combination of longitudinal expansion in the OC and contraction in the IC leads to a bent heart tube ( Fig 1C) that matches the experimental result (Fig 1D) .
Stresses are positive throughout the MY, as in the experiment. Numerical values of longitudinal and circumferential strains and stresses predicted by the model are in agreement with the experimental data in [3] . If CJ expansion is removed from the model, the c-shape is still formed (results not shown); however, the model-predicted stresses and strains are no longer in agreement with the experiment.
While the results indicate that a combination of longitudinal expansion at the OC and longitudinal contraction at the IC likely drives c-looping, they do not say anything specific about the biological mechanisms driving expansion and contraction. For instance, expansion could arise as a result of cell-shape changes, cell division, cell expansion or a combination of several such processes. 
